Abstract-An exciting innovation in radiotherapy is the use of real-time MRI for treatment adaptation. This study proposes an in-silico framework for the generation of 3D synthetic CT (sCT) from orthogonal interleaved 2D cine MRI data to overcome the lack of electron density information in MR images. The method uses pre-treatment data to build a patient breathing motion model. This model is then driven by surrogates extracted from cine MR images during the treatment. The effect of irregular breathing on the motion model is also evaluated by simulating different motion components related to uncorrelated diaphragm, chest and tumor motion. 3D sCT were successfully created for each of the 512 cine MRI pairs in the digital phantom study. The analysis showed that the diaphragm position was a good surrogate to rescale the 3D breathing motion for the current regular breathing phase. However, respiratory and tumor motion were correlated in only 59% of the phases, resulting in tumor position uncertainties of up to 3mm. The inclusion of additional chest and tumor motion information improved the accuracy for irregular changes in breathing pattern and enhanced the tumor position uncertainties to less than 1mm. This study successfully demonstrated a proof-ofprinciple for a digital phantom dataset based on patient parameters, providing a way to create real-time 3D electron density volumes and enhancing the need to account for irregular breathing pattern.
I. INTRODUCTION
Image guidance can reduce treatment toxicity and increase local tumor control across a wide range of sites [1] . An important aim of modern MRI guided radiotherapy and the Australian MRI-Linac program [2] is real-time tumor tracking for lung. However, MRI guided radiotherapy is limited by high acquisition time for common MRI sequences, which then requires the acquisition of fast 2D cine MRI data for real-time targeting. Moreover, the lack of electron density (ED) information limits the use of MRI for dose calculation [5] . Several approaches have been proposed in the literature to generate tissue specific ED from static 3D MRI volumes. S Ghose et al. broadly categorized these methods into bulk density assignments [see e.g. 6, 7, 8] , atlas-based methods [see e.g. 3, 9] , regression-based methods [see e.g. 10, 11] , hybrid methods [12] and patch-based methods [13] . All these approaches however still require their adaptation for thoracoabdominal sites and their inclusion in a clinical workflow. Currently, in MR guided radiation therapy planning both MR and CT images are therefore acquired and co-registered to achieve tissue specific ED map [3, 4] .
In the scenario of thoraco-abdominal treatments, respiratory motion management is of high demand for improving treatment accuracy [14] and several approaches have been proposed to model respiratory motion using deformable image registration [15] . For MRI-Linac systems which allow fast cine MRI acquisition, a possible solution relies on the construction of a motion model based on 4D-MRI and cine MRI [18] . By incorporating this approaches with ED information, it is possible to provide on-line treatment plan adaptation [17] . However, an open issue in motion modelling is related to uncertainties associated to motion irregularities due to variations in patient breathing [19] , which still need to be investigated.
The aim of this work is to provide an in-silico framework for the derivation of synthetic CT (sCT) by means of a motion model build on pre-treatment MRI data and in-room orthogonal 2D cine MRI. Additionally, in our simulations, we include the effect of irregular breathing pattern by considering different components of motion separately. This approach aims to evaluate the impact on the motion model of uncorrelated diaphragm, chest and tumor motion.
II. MATERIAL AND METHODS
The workflow for the derivation of sCT and the analysis of irregular motion is outlined in Fig. 1 .
A. Phantom data
The abdominal 4D CT/MRI digital phantom XCAT [20] and its MRI counterpart CoMBAT [21] were used to replace patient data and provide ground truth for validation. The CoMBAT phantom allowed the realistic simulation of images generated by MR pulse sequences with control of scan and tissue parameters, combined with co-registered CT images.
The breathing characteristics to feed the phantom animation are based on a patient study by Kim et al [22] . Strong irregularities in breathing behavior was monitored with cine MRI acquisition over several breathing cycles. Free-breathing parameters for tumor and diaphragm position were extracted and used to simulate effects that happen in irregular breathing with the phantom as close to real patient data as possible. For the analysis of irregularities effect on motion model, three 3D MRI volumes at end-inhale and end-exhale diaphragmatic breathing phase and end-inhale chest breathing phase were A phantom study to create synthetic CT from orthogonal twodimensional cine MRI and evaluate the effect of irregular breathing generated as well as a CT volume. The 2D cine MRI planes were simulated by extracting slices from 3D phantom volumes. Alternating images in either the sagittal or the coronal plane intersecting in the tumor center of mass (COM) were extracted. 300ms time lag was included in this process, which correlated with the acquisition time of real cine MRI slices with the TrueFISP sequence. The simulated data is described in Table 1 .
In total, 512 pairs of sagittal and coronal cine MRI planes were generated with the CoMBAT phantom out of 1024 XCAT phantom snapshots. The latter represented the ground truth for anatomy and ED, which was used to validate the model output. The added tumor was of rigid spherical shape with a radius of 7.5mm and was located close to the right posterior lung wall. During the 4min 16sec breathing motion period for each dataset, no identical snapshots occurred. Breathing cycles differed in amplitude and duration, as well as tumor movement. A simulated XCAT volume in mid breathing phase was used to represent a 3D planning CT.
B. Electron Density Volume
Multi-modal multi-stage b-spline deformable image registration (DIR) with mutual information metric was performed in order to align the reference end-exhale MRI with the planning CT. The result is the electron density volume (EDV) in the reference end-exhale anatomy, origin and scaling of the MRI. Further, tumor segmentation was performed via template matching in the MRI and transferred to the coordinate system of the EDV in order to specify the reference tumor volume.
C. Breathing motion
In the next step, a description of the anatomical changes during respiration was build. The deformations between the pretreatment acquired breath hold MRI volumes was evaluated using a multi-stage b-spline registration with mean square error metric. In order to evaluate the effect of uncorrelated motion on the construction of the motion model, separate diaphragmatic and chest breathing motion were considered. Specifically, two deformation vector fields (DVFs) were computed using DIR from diaphragmatic end-exhale to endinhale and diaphragmatic end-exhale to chest end-inhale breath hold MRI, respectively. While the diaphragmatic DVF ( ) covered motion of abdominal organs and bony structures in superior-inferior (SI) direction, the chest DVF 
D. Online surrogate extraction
To estimate 3D motion from the 2D pairs of sagittal and coronal cine MRI planes representing online acquired image data, the proposed method used extracted surrogates to drive the motion model and evaluate the effect of diaphragm, chest and tumor motion.
The diaphragm surrogate was represented by the most superior point of diaphragm at the right lung lobe and was extracted from the sagittal cine MRI plane by applying predefined masking and threshold segmentation. The chest surface position in AP direction was extracted in the same way from the sagittal cine MRI slice. Next, the absolute distance of the diaphragm and chest position was normalized with the total motion in the reference diaphragmatic and chest DVF and could then be used as scaling factors and ℎ for the displacement relative to the reference motion. Finally, the tumor was segmented by template matching in a region of interest in both sagittal and coronal cine MRI slices. The final tumor position surrogate was the mean COM of both images given in 3D coordinates of the EDV.
E. Synthetic DVF estimation
The goal of this step is to combine the three separated contributions of diaphragmatic, chest and tumor motion realtime information to a single 3D synthetic deformation vector field ( ) that describes the anatomical changes from the reference EDV to the current anatomy shown in the cine MRI pair.
For that purpose, firstly the two reference DVFs for diaphragmatic and chest motion were rescaled separately with the corresponding diaphragm or chest scaling factors and ℎ and then composed to form the respiration :
However, chest and diaphragmatic motion influence each other. Therefore, this effect was quantified and the scaling factors corrected accordingly. The tumor surrogate was used to calculate the displacement between the current and the original tumor position in the . Thus, in the all deformation vectors which originate in the segmented tumor volume were replaced by this displacement vector:
The transition edges were smoothed with 3D Gaussian smoothing with a full width at half maximum of two voxel length. After the accumulation of the separated influences of diaphragmatic and chest breathing as well as uncorrelated tumor motion, the outcome of this step was a single specific for each cine MRI pair, that was defined in the space and spatial resolution of the EDV. 
F. Synthetic CT creation
In the last step of the method the sCT in specific anatomy of each cine MRI pair was created by applying the to the EDV.
III. RESULTS

A. Electron Density Volume
An XCAT CT volume showing the same anatomy as the endexhale MRI volume is created and compared with the EDV, to secure comparable grey value properties. Overlay of the images shows qualitative agreement between the images within the expected uncertainties for multi-modal DIR. For a quantitative analysis 359 features points were selected in both mono-modal images via Spatial Invariant Feature Transform (SIFT) approach [23] and the calculated mismatch results in a median accuracy (±interquartile range) of 0.8±1.1mm. Comparing this with the voxel size (1×1×1mm³), it can be assert that the multi-modal DIR achieves acceptable results.
B. Breathing motion field
Visual comparison of the results for mono-modal DIR to build the diaphragmatic and chest DVF shows adequate alignment, with less than 1mm root mean square error in displacement of the lungs as well as the body contour. A smoothing effect due to the b-spline registration and interpolation for resampling occurs in the deformed image volume. As can be seen in Fig.  2 , and ℎ appear smooth in the regions of large motion vectors and keep rigid structures of the chest undeformed. Nevertheless, deformations of rigid bony structures of the spinal cord of up to 2mm occur in regions close to the diaphragm due to the regularization and smoothing algorithms.
C. Online surrogate extraction
Surrogate extraction was successful for all pairs of cine MRI. The surrogates show that the motion amplitude for the diaphragm ranges up to 40mm in SI direction. The chest moves up to 6mm in AP direction and the tumor COM fluctuates up to 23mm. For 512 cine MRI the mean difference between measured tumor COM and the ground truth data that was used to feed the XCAT phantom is always less than a voxel length. Comparing the SI and AP direction, tumor motion in SI direction is dominant. It is found that deeper inhale and exhale phases lead to rescaling factors of up to 124% or -18% with regards to the maximum inhale diaphragmatic motion. Furthermore, tumor and diaphragm motions in SI direction have the same sign in 59% of the phases, while tumor and chest motion in AP direction are correlated in 52% of the phases. It is found that smoothing as well as image noise have an impact on the threshold-based selection of the contours. This limits the accuracy of the extracted absolute diaphragm and chest wall position to ± 1 voxel length (1mm). Due to differing motion amplitude the impact of an absolute position extraction uncertainty of 1mm is higher for the normalized chest wall surrogate (16.7%) than for the normalized diaphragm surrogate (2.5%).
D. Synthetic DVF estimation
It was possible to create an estimated for every anatomy described by a pair of cine MRI successfully. Fig. 3 shows an average example for a final for the specific cine MRI pair number 42 for the rescaling values =0.72 and ℎ =0.66. The offset and dimensions match with those from the EDV and no inconsistencies occur. For quantitative analysis the mean value for the derived Jacobian matrix values is found to be 0.996±0.001. However, the Jacobian matrix indicates unphysical motion in a considerable partition of voxels closely surrounding the tumor volume. Within a small margin the does not describe the natural deformation of the surrounding tissue around the tumor. This behavior is attributable to the synthetic insertion of the uncorrelated tumor displacement and the application of Gaussian smoothing. The number of affected voxels is found to increase with the value of the rescaling factors to a maximum of up to 500 voxels, which corresponds to a volume of 0.5cm³.
Furthermore, for rescaling factors outside the 0%-100% period, the overall misalignment increases and accordingly, the heart is forced to drift to positions not represented in the ground truth. However, tumor COM and diaphragm position accuracy stay as accurate as for cases within the favorable 0% to 100% rescaling.
E. Synthetic CT creation
In this phantom simulation, irregular breathing patterns were evaluated and a total of 512 sCTs were estimated successfully. Fig. 4 shows the results for the coronal and sagittal plane of cine MRI pair number 42 and the corresponding planes in the 3D sCT volume. The difference between sCT and ground truth is also displayed, showing good overall agreement. Quantitative analysis is performed by comparing the estimated tumor COM extracted from the sCT with its ground truth coordinates. In only two out of 512 cases (0.4%) this error is larger than one voxel length. The mean absolute error is 0.27±0.04mm in SI and 0.18±0.03mm in AP direction. Without applying the separation of tumor and respiration motion, up to more than 3mm disagreement of the tumor position is found compared to the ground truth for cases when the motion patterns are not correlated.
Additionally, the sCTs are compared to the ground truth using SIFT on ten breathing phases (Fig. 4) . For at least 343 extracted feature points the result is a median accuracy (± interquartile range) of 1.2±1.7mm (1×1×1mm³ voxel resolution).
F. Discussion and conclusion
In summary, sCT volumes were successfully created for all phases of cine MRI pairs. The uncertainties of DIR induce the largest impact on the quality of the model's outcome. Deformation of rigid bony structures of the spinal cord may have an impact on adaptation for radiotherapy and has to be investigated in further studies. Additionally, we simulated a modulation of uncoupled motion of tumor, chest and diaphragm. This highlighted the need to account for breathing irregularities and demanded for incorporating these uncorrelated effects inside the motion model. This feasibility study proves that the separation of diaphragmatic and chest breathing possibly improves management of changes in respiratory motion pattern. Separated handling of tumor displacement further increases the coverage of a wider range of irregular breathing motion to improve MR guided lung cancer treatment. Although the breathing parameters were extracted from a patient study, further investigations are required to evaluate how reliable the acquisitions of these static MRI sequences are in patients. 
